used as experimental models of GBM to date. The American Type Culture Collection supplies both cell lines for research, and the U251 malignant glioma cell line is listed as being derived from a 75-year-old male patient who was affected by a pleomorphic glioma that was identified by Ponten and Macintyre (15). Similarly, the U87 glioma cell line is listed as being derived from a female patient who suffered from a pleomorphic glioma (4). The biological characteristics of these two cell lines have been found to differ, particularly regarding cell proliferation, migration, and invasion. For example, U87 cells have exhibited a greater capacity for migration and invasion (2,17).
The molecular backgrounds of the U87 and U251 cell lines have not been extensively investigated as a characterization of the phenotypic differences observed between these two GBM cell lines.
The goal of the present study was to reveal differences at the molecular level between the U87 and U251 cell lines using a proteomics strategy in order to better understand the differences in the biological phenotypes of these two cell lines and to more effectively target GBM for treatment.
█ mATERIAl and mEThODS

Cell culture
Human GBM cell lines, U87 and U251, were purchased from the Chinese Academy of Sciences (Shanghai, China) and were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco, Carlsbad, CA, USA) containing 4.5 g/L glucose, 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin, and 100 mg/ mL streptomycin (Gibco). The cells were maintained at 37°C in a humidified incubator with 5% CO 2 .
Cell Proliferation Assays
Cell proliferation rates were determined with a CCK-8 kit (Dojindo, Kumamoto, Japan) according to the manufacturer's instructions.
wound Scratch Assay
After cells were plated in 6-well culture plates and had achieved a confluent monolayer, a single linear scratch was made through the cells in each well with a 20 ml tip. Cell movement in response to the wounds was imaged 0, 6, 12, 24, and 48 hours after the scratches had been made.
Transwell detection
Cells (1×10 4 cells in 100 ml DMEM medium without FBS) were seeded on polycarbonate membrane inserts in a Transwell apparatus (Costar, Cambridge, MA, USA). In the lower chamber, 500 ml of conditioned medium containing 10% FBS was added as a chemo-attractant. After the cells were incubated for 8 hours at 37 °C in a 5% CO 2 atmosphere, the inserts were removed from the Transwell plates and were washed with PBS. The cells on the top surface of the insert were removed with a cotton swab, while the cells that were adherent to the lower surface were fixed with methanol and were stained with 0.1% crystal violet solution. The number of cells in six high-resolution fields on each lower surface was counted under a microscope. All of these assays were independently repeated at least three times.
Two-dimensional electrophoresis (2-DE)
Extracts of U251 and U87 cells were each collected with RIPA lysis buffer (Sigma, St. Louis, MO, USA) and then were separated with one-dimensional isoelectric focusing (IEF) followed by two-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), according to the manufacturer's instructions (Amersham Biosciences).
Image analysis was performed using the PDQuest system (BioRad), according to the manufacturer's protocol. To account for experimental variations, a three-spot pattern for each gel was prepared for each cell line. Spot detection, quantification (%, volume), and pattern matching were performed by the PDQuest system.
Isobaric tags for relative and absolute quantitation (iTRAQ)
Total protein extracts were collected from U251 and U87 cells with RIPA lysis buffer (Sigma). Following a digestion step with Trypsin Gold (Promega, Madison, WI, USA), the resulting peptides were dried, reconstituted in 0.5 M triethylammonium bicarbonate (TEAB) buffer (Applied Biosystems, Milan, Italy), and then processed with 8-plex iTRAQ reagent (Applied Biosystems), according to the manufacturer's protocol. The samples were labeled with the following iTRAQ tags: U251 (113 and 115) and U87 (114 and 116 tags) as appropriate. Strong cation exchange (SCX) chromatography was performed with a LC-20AB HPLC Pump system (Shimadzu, Kyoto, Japan), then data were acquired with a TripleTOF 5600 System (AB SCIEX, Concord, Ontario, Canada) fitted with a Nanospray III source (AB SCIEX) and a pulled quartz tip as the emitter (New Objectives, Woburn, MA, USA).
Real-Time polymerase chain reaction (PCR)
Total ribonucleic acid (RNA) was extracted from the U251 and U87 cell lines with Trizol reagent (TAKARA, Dalian, China). Levels of Tropomyosin alpha-4 chain (TPM4), Filamin-C (FLNC), Redox-regulatory protein FAM213A (C10orf58), PDZ and LIM domain protein 1 (PDLIM1), Myosin-10 (MYH10), PC4 and SFRS1-interacting protein (PSIP1), Synemin (SYNM), Na(+)/H(+) exchange regulatory cofactor NHE-RF2 (SLC9A3R2), and Basal cell adhesion molecule (BCAM) mRNA were detected with the Quantitect SYBR Green PCR kit (TAKARA) with a ABI 7500 quantitative PCR system (TAKARA), according to the manufacturer's instructions. GAPDH mRNA was used as an internal control for determining the relative amounts of mRNA according to the comparative ΔΔCt method as described previously (8) . In addition, foldchange was calculated with the 2-ΔΔCt equation. The primers are listed in Table I .
Bioinformatics analysis
After differentially expressed proteins were detected between the U87 and U251 cell lines with a proteomics method, these data were submitted to the Enrichment analysis (beta) server of the Gene Ontology Consortium (http://geneontology.org/). Briefly, the dataset was analyzed using the Core Analysis module to rank the proteins according to their molecular function, associated biological process, cellular component, and associated pathway(s).
Statistical Analysis
All data are presented as the mean ± standard deviation (SD). Differences between groups were analyzed by one-way analysis of variance, with a p value less than 0.05 considered statistically significant (two-tailed). In CCK8 assays under parallel conditions, the U87 cells were observed to proliferate at a faster rate than the U251 cells. When the two cell lines were evaluated in wound scratch assays, a significantly higher percentage of U87 cells underwent migration compared with the U251 cells (data not shown). Correspondingly, in Transwell chamber assays, the number of invasive U87 cells was greater than the number of invasive U251 cells.
2-DE of the U251 and U87 cell lines
Proteomic analysis with 2-DE was used to assess the histological origins of the U87 and U251 cell lines. In the silverstained 2-DE gels obtained, a total of 886 ± 23 protein spots and 913 ± 29 protein spots were detected in the U87 and U251 cell extract samples, respectively (Figure 1 A,B ). When these data were analyzed by PDQuest software, only ~11% of the protein spots exhibited more than a two-fold increase or decrease in protein expression (Figure 1 A,B) . Based on these results, it appears that these two cell lines were derived from the same histological type of cells.
Differentially expressed proteins were identified between the U251 and U87 cell lines by iTRAQ
To further characterize the protein expression profiles for the U87 and U251 cell lines, relative protein abundance was evaluated with a quantitative proteomic analysis method, iTRAQ. A total of 3660 types of proteins were analyzed by iTRAQ, and 507 proteins exhibited at least a two-fold difference in abundance. Of these, 66 and 78 differentially expressed proteins were up-regulated in the U87 and U251 cell lines, respectively (Table II) . 
Nine differentially expressed genes were specifically analyzed by qPCR
Quantitative PCR was performed to detect the expression levels of nine proteins that were found to be differentially expressed between the U251 and U87 cell lines by 2-DE. These proteins included: C10orf58, FLNC, PDLIM1, TPM4, MYH10, PSIP1, SYNM, SLC9A3R2, and BCAM. Levels of C10orf58, FLNC, PDLIM1, and TPM4 were higher in the U251 cell extracts than in the U87 cell extracts (Table III) . Conversely, the expression levels of MYH10, PSIP1, SYNM, SLC9A3R2, and BCAM were lower in the U251 cell extracts compared with the U87 cell extracts. Both sets of results were consistent with the iTRAQ results obtained.
A bioinformatics analysis of the differentially expressed proteins identified
To identify the possible functions of the proteins separated by identified with iTRAQ, a widely used, web-based analysis tool was employed, Geneontology (GO; http://geneontology.org/) (3). The goal of a GO analysis is to describe a gene product in relation to the biological processes, molecular function, and cellular distribution described according to its previous annotations. The top ten biological processes that were associated with the highly expressed proteins detected in the U87 cells were: Oxidation-reduction, cellular component organization or biogenesis, cellular component organization, mRNA processing, RNA splicing, macromolecular complex subunit organization, metabolism, metabolism of organic substances, cellular metabolism, and primary metabolism (Figure 2 ). In the U251 cells, the top ten biological processes were: Small molecule metabolism, carboxylic acid metabolism, nucleobase-containing small molecule metabolism, nicotinamide nucleotide metabolism, pyridine nucleotide metabolism, nucleotide metabolism, nucleoside phosphate metabolism, oxoacid metabolism, oxidoreduction coenzyme metabolism, and pyridine-containing compound metabolism (Figure 2 ).
Accession no. Protein name Foldchange
IPI00443799
The top ten molecular functions that were associated with the highly expressed proteins detected in the U87 cells were: Poly(A) RNA binding, RNA binding, protein binding, binding, organic cyclic compound binding, heterocyclic compound binding, nucleic acid binding, macromolecular complex binding, oxidoreductase activity, and protein complex binding (Figure 3) . For the U251 cells, the top ten molecular functions identified were: Protein binding, binding, catalytic activity, small molecule binding, nucleoside phosphate binding, nucleotide PANTHER is a comprehensive, curated database of protein families, trees, subfamilies, and functions (10) . As such, it was applied to provide further pathway enrichment analysis of the proteomic data obtained. For the U87 protein data, no significant pathway clusters were found to be associated with the proteins that were highly expressed in the proteomics assays performed. However, for the U251 protein data, six clustered pathways were associated with the highly expressed proteins identified, and these included: Glycolysis, the pentose phosphate pathway, fructose galactose metabolism, de novo purine biosynthesis, the ubiquitin proteasome pathway, and N-acetylglucosamine metabolism ( Figure 5 ).
█ DISCUSSION
In vitro experiments have previously demonstrated that binding, purine ribonucleotide binding, ribonucleotide binding, purine nucleotide binding, and adenyl nucleotide binding.
The GO analysis also provided results regarding "cellular components", which include descriptions of the distribution/ localization pattern of the proteins identified. For the proteins that were highly expressed in the U87 cells, the top ten cellular distribution annotations were: Intracellular organelle, organelle, membrane-bound organelle, membrane-enclosed lumen, intracellular organelle lumen, organelle lumen, intracellular membrane-bound organelle, intracellular organelle, and intracellular ( Figure 4 ). For the U251 cells, the top ten cellular distribution annotations were: Extracellular exosome, extracellular membrane-bound organelle, extracellular organelle, extracellular vesicle, vesicle, membrane-bound vesicle, cytosol, cytoplasm, extracellular, and cytoplasmic ( Figure 4 ). conditions. Moreover, the extent to which cells rely on their glycolysis rate versus their mitochondrial respiration rate is a key factor in determining the possible net contribution of autophagy to metabolism (11) . This interpretation is consistent with the lower autophagy level that was observed for U251 cells compared with U87 cells in our previous study (9) .
Components of the purine metabolic pathway were also enriched in the list of proteins that were up-regulated in the U251 cells. Initially, the de novo synthesis of purine nucleotides creates inosine-5'-monophosphate (IMP). IMP represents a branch point for purine biosynthesis, since it can be converted either to guanosine-5'-monophosphate (GMP) by IMPDH2 or to adenosine-5'-monophosphate. Generally, disruption of purine nucleotide metabolism results in an accumulation and/or a lack of ribonucleotides, deoxyribonucleotides, or metabolic intermediates, and this can have potentially cytotoxic consequences (16) . Therefore, based on the present results, it is predicted that drugs that target purine metabolism are more cytotoxic to U251 cells than to U87 cells. Currently, there are several inhibitors of purine metabolism that have been approved for clinical use, and these include methotrexate (which inhibits the de novo synthesis of purines via dihydrofolate reductase) (6), ribavirin, mycophenolic acid (an inhibitor of IMPDH2) (1,21), and forodesine (an inhibitor of PNP) (7, 12) .
█ CONClUSION
Differences in nicotinamide nucleotide metabolic process regulation, RNA splicing, glycolysis, and purine metabolism exist between the U87 and U251 cell lines. Moreover, these differences may account for the distinct phenotypes of these GBM cell lines, and further studies are needed to confirm these possibilities. phenotypic differences exist between U251 cells and U87 cells (18) . Correspondingly, in the present study, the U87 cells proliferated and migrated faster than the U251 cells under the same conditions. To investigate the molecular basis for these differences, a proteomics study was conducted to detect differences in the protein expression profiles between these two GBM cell lines. Following the application of 2-DE and iTRAQ to the cell extract samples and data collected, both the U251 cells and the U87 cells were found to be derived from GBM, and this is consistent with ATCC records. In addition, 507 proteins exhibited greater than a 2-fold difference in abundance between the two cell lines, and the data for nine of these proteins were confirmed in qPCR assays to detect mRNA levels.
A GO analysis was subsequently performed to derive biological functions from the proteomic data obtained. Potential interactions between the clustered GO terms were identified by using OLSVis (http://ols.wordvis.com/). As a result, proteins that were found to be highly expressed in the U251 cells were associated with biological processes related to the metabolism of nicotinamide nucleotides and carboxylic acid, adenyl nucleotide binding was identified as a molecular function, and the cellular distribution most commonly annotated was extracellular. For the proteins highly expressed in the U87 cells, the associated biological processes were focused on mRNA processing and RNA splicing, poly(A) RNA binding was the molecular function identified, and the most common cellular distribution annotated was intracellular. Thus, the biological processes and molecular functions of the two cell lines were found to coincide with the glycolysis and de novo purine biosynthesis pathways. Moreover, these results further indicated that the phenotypic differences between the two cell lines may involve the regulation of nicotinamide nucleotide metabolism and RNA splicing. In addition, the primarily extracellular localization of the proteins that were found to be highly expressed in U251 cells may have contributed to the reduced migration capacity that was observed for the U251 cells.
The metabolism pathway for nicotinamide nucleotides involves any nucleotide in combination with nicotinamide, and these substrates are vital for energy transduction and intracellular signaling pathways. Accordingly, nicotinamide represents a critical link between energetic and regulatory processes, and nicotinamide adenine dinucleotide (NAD) may represent a possible therapeutic target for the control of different pathological states, including metabolic disorders and neoplastic transformation (5,13).
The glycolysis pathway was also found to be up-regulated in U251 cells. It has been observed that enhanced glycolysis is a well-known feature of cancer cells, and it is referred to as the "Warburg effect". This effect has also been found to be associated with other cancer cell properties such as adaptation to conditions of hypoxia and low nutrient availability, as well as immortalization, resistance to oxidative stress and apoptotic stimuli, and increased biomass synthesis (11) . Based on the results of the present study, it is predicted that U251 cells are more resistant to hypoxia and low glucose
